Microfluidics has proven to be an efficient tool for making fine and calibrated emulsion droplets. The parallelization of drop makers is required for producing large amounts. Here, we investigate the generation of emulsion drops along a series of shallow microchannels emerging in a deep one, in other words the step-emulsification process. The dynamics of a single drop maker is first characterized as a function of interfacial tension and viscosities of both phases. The characteristic time scale of drop formation, namely, the necking time that finally sets drop size, is shown to be principally governed by the outer phase viscosity to interfacial tension ratio with a minor correction linked to the viscosity ratio. The step emulsification process experiences a transition of fragmentation regime where both the necking time and drop size suddenly raise. This transition, that corresponds to a critical period of drop formation and thus defines a maximum production rate of small droplets, is observed to be ruled by the viscosity ratio of the two phases. When drops are produced along an array of microchannels with a cross flow of the continuous phase, a configuration comparable to a one-dimensional membrane having rectangular pores, a drop boundary layer develops along the drop generators. In the small drop regime, the local dynamics of drop formation is shown to be independent on the emulsion cross flow. Moreover, we note that the development of the drop boundary layer is even beneficial to homogenize drop size along the production line. On the other hand, in the large drop regime, drop collision can trigger fragmentation and thus lead to size polydispersity. C 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
Emulsions, namely, metastable dispersions of liquid droplets into a second immiscible liquid phase with the presence of surface active agents, are a widespread material encountered in everyday life and industry from polymerization, paint, and road making applications, to cosmetics or food industries. 1 Numerous strategies based on mechanical energy input have been developed for producing emulsions. Most of them relies on a shear process where large drops are stretched and further fragmented in smaller droplets. 2 One can mention high pressure systems, rotor-stator, or disc systems as well as ultrasonic assisted processes. These typical emulsification techniques often lead to broad distributions of droplet size since the shear is not homogeneous. We note that the use of a Taylor-Couette geometry with a narrow and uniform gap allows to obtain monodisperse droplets thanks to a controlled shear over all the emulsion. 3 In addition, the final size distribution is governed by a competition between drop breakup and drop coalescence and the adsorption kinetics of surfactant at liquid-liquid interfaces must be considered. 4 Finally, producing calibrated emulsion droplets in the 1-10 μm range finds applications in biotechnologies. Indeed, for example, droplets can act as templates for making magnetic solid particles used in sample preparation, 5 sequencing, 6 or immunoassay. 7 An efficient technique named membrane emulsification where the liquid to be dispersed flows through a porous material has been proposed in the early 1990s. [8] [9] [10] The drop size is scaled by the pore geometry, 8 as well as the shear flow of the continuous phase if any. 11, 12 The polydispersity of the emulsion is mainly linked to pore size heterogeneities. Taking advantage of technological progresses of microfabrication, Nakajima and co-workers have designed an almost perfect onedimensional membrane where the pores, that separate two deep reservoirs, are rectangular and shallow microchannels. 13 This process is known as microchannel emulsification or step emulsification. They further developed microfabricated membrane having elongated through-hole. 14, 15 Here, the drop formation is a capillary driven phenomenon 16 triggered by the confinement release at the microchannel end, i.e., at a step height. There exists a critical aspect ratio of the microchannel of about 3 below which the step emulsification process fails. 17 The fact that the so-called Shirasu porous glass membrane, which is obtained from a phase separation of a glass synthesized from a volcanic ash called Shirasu, 8 leads to remarkable monodispersity might arise from the elongated shape of pores at the membrane surface. 8, 18 In addition, the depth of the deeper channel after the step should be at least two times larger than the shallow microchannel height in order to obtain a drop size independent on step height. 19 The emulsification process exhibits a transition from the production of small to large drops when the dispersed phase flow rate is increased 20 as also observed in a co-flow situation. 21 Apart from a few investigations, 22 most of the experimental studies, 23 theoretical models, 24, 25 or numerical simulations 26, 27 on the step emulsification phenomenon consider microchannels with a widening end, and thus the presence of a terrace, prior to the height jump. In that case, a flatten drop having a discoidal shape is first form at the terrace before being fragmented in a smaller droplet. Microchannel dimensions and terrace length affect drop size and the transition of emulsification regime. 20, 28 Despite numerous experimental investigations, a complete mapping of the drop formation dynamics as a function of liquid properties for a given microchannel geometry is still lacking. As initially intended for 13 this emulsification process is easily parallelized for producing large amount of fine and calibrated emulsions. 29 A flow of the continuous phase perpendicular to the microchannel array can be used for collecting emulsion droplets. 29, 30 The emulsification dynamics in such a configuration, i.e., in presence of a cross flow of the continuous phase carrying on emulsion droplets, has not been studied in detail so far.
In this article, we report a parametric study on the features of step emulsification of newtonian fluids by varying their bulk and interfacial properties while keeping fixed the geometry of microchannels without any terrace and with a cross flow. The first part concerns the dynamics of a single drop generator where characteristic time scale of drop formation, drop size, and transition between two regimes of fragmentation are documented. The second part deals with an ensemble of drop generators which form a one-dimensional membrane with a cross flow. Their collective behavior in terms of emulsification dynamics and drop features is investigated.
II. MATERIALS AND METHODS
The microfluidic devices are fabricated by standard soft lithography techniques. 31 The photoresist mould is made by a two steps procedure that results in two channel depths. The ratio between the channel depths is here equal to 10. The mould is replicated by using poly-dimethylsiloxane (PDMS Sylgard, Dow Corning). Once cured, the elastomer replicate is bonded to a glass plate by using oxygen plasma that in addition become hydrophilic. The microsystem is finally heated for 10 min at 70
• C for improving the bonding strength and then filled with water within 30 min to ensure the PDMS channel surface remains hydrophilic.
A picture of the microsystem is reported in Fig. 1(a) . The dispersed phase is injected in the microsystem's centre and flows through four one-dimensional arrays of microchannels, thus defining four production lines which each occupies a quarter of a circle. The latter are radially arranged in a circle whose centre matches that of the wafer. The mean height h of the shallow microchannels is 2 μm and the standard deviation is 0.1 μm, leading to a coefficient of variation of 5%. Each microchannel array is connected to a deep channel, where the continuous phase flows and carries away the droplets, with a width W of 150 μm and a height H of 20 μm ( Fig. 1(b) ). All production lines are composed of 252 parallel microchannels having a width w of 10 μm, a length l of 100 μm, and spaced by 50 μm (Fig. 1(c) ). The liquid injection is either driven with syringe pumps (PHD 2200, Harvard Apparatus) or pressure control systems (MFCS-100, Fluigent). The drop formation dynamics is observed with a high speed camera (SA3, Photron) mounted on an inverted microscope. The drop size is evaluated from image processing. The continuous aqueous phase is prepared from ultra pure water with sodium dodecyl suflate (SDS, Sigma). The viscosity of the continuous phase η 0 is tuned by adding a polymer, Polyethylene Glycol (PEG 3350, Sigma), at various concentrations up to 0.35 wt.% that corresponds to η 0 = 26 mPa s at 25
• C. 32 The dispersed phase is either a fluorocarbon oil (FC-3283, FC-40, and FC-70, 3M Fluorinert), a mineral oil (M8410, Sigma), or silicone oils (DC 200, Sigma). Their bulk properties are reported in Table. I. The surface tension γ between these oils and water with SDS at 1 wt.% is also given in Table. I. We note that the critical micellar concentration is found to be around 0.2 wt.% whatever the oil used. The interfacial tension is measured with a commercial apparatus (SA100, Krüss).
The flow in the microchannels is a Stokes one since the Reynolds number R e = ρu i h/η built from either the dispersed phase or the continuous one and where u i is a characteristic velocity based on droplet size d and frequency f of droplet production, i.e., u i = π d 3 f /6hw, is lower than 10 −3 . This is also the case during the final stage of drop formation that is driven by capillarity and where the corresponding capillary number C a = η i u i /γ , built on the inner phase properties, is smaller than 10 −2 . The corresponding Weber number W e = ρu 2 i h/γ is also low, i.e., W e < 10 −3 . Concerning the shear force exerted on the forming drop by the outer phase flow, a modified capillary number 2 /γ , defined from droplet size and where ρ = |ρ i − ρ o |, is at most equal to 5 × 10 −5 . The effect of gravity is thus negligible during drop formation. This is not the case when droplets are flowing into the deep collecting channel which either quickly sediment or slowly cream because of a strong and weak density contrast, respectively (Table I) .
III. DYNAMICS OF A SINGLE DROPLET GENERATOR

A. General observations
The emulsification features are first evaluated at the level of a single drop generator which is located at the beginning of a production line. A time sequence showing the emulsification process is reported in Fig. 1(d) . The tip of the dispersed phase finger is moving back and forth in the shallow microchannel during drop formation. When approaching the end of the microchannel, the velocity of the finger tip is constant and increases linearly with the inner pressure p i as expected for a Poiseuille flow. Then, the finger tip is accelerating at the step once the tip curvature drops down because of the vertical confinement release. 19, 33 This motion leads to a stretching of the finger and the formation of a neck that eventually breaks up. The characteristic timescales of this phenomenon are measured from spatiotemporal diagrams as the one shown in Fig. 1(f) . The oil finger reaches the step at time t s which is determined by the intersection of the two tangents of the finger tip trajectory in the microchannel and just after the step. Then it breaks at time t b , defining a necking time τ n = t b − t s . This process is periodically repeated with a time period T. The period of drop formation, the necking time as well as the corresponding drop size d are reported in Fig. 2 as a function of the inner pressure p i at a fixed outer pressure p o when mineral oil is used. We observe that all these parameters suddenly increase above a critical pressure p * i , here equal to 1.8 × 10
5 Pa. This transition has been found 20, 21 to correspond to a critical capillary number C a defined by the dispersed phase properties, i.e., C a = η i u i /γ . Above this transition, the size polydispersity may remain below 1% (for most of the oils used here) or jump to multimodal size distributions (observed with FC-70) as in a dripping faucet regime. 34, 35 From the pictures taken prior to the pinch-off and reported in Fig. 2 (b), we note that when p i is raised the location of the neck at breakup is further pushed downstream up to the step at the transition. This is in contrast to recent observations 19 made with channels having sizes 100 times larger and an aspect ratio equal to 2 where the breakup is located far from the step and moves further upstream for lower inner flow rates, a situation that ultimately affects drop size. Finally, we observe oscillations of the neck diameter before breakup in the large drop regime. This transition will be discussed in a Sec. III D.
Below p * i , T is obviously a decreasing function of p i as it is inversely proportional to the dispersed phase flow rate q i that is an increasing function of p i . We then note that τ n is constant, equal to 2.3 ms here, and then becomes an increasing function of p i above the same critical pressure p * i . This is rather different from early observations 20 where τ n slightly diminishes prior to the sudden rise. On the other hand, the drop size is a bit inflating before the transition as previously noticed. 19, 20 The size increases linearly as a function of p i with a slope equal to 10 −5 μm Pa −1 . The fact that τ n is constant might arise from the mechanical properties of the material used in the present work for making the microsystems. Indeed, PDMS is an elastomer that easily deforms under pressure because of its moderate elastic modulus E close to 4 MPa. 36 For small deformation, the variation δh of the channel height is expected to vary like δh ∼ wp i /E. 37 On the other hand, the previous experiments on microchannel emulsification have been performed with stiff materials such as glass or silicon.
In order to investigate the link between mechanical properties of the present microsystem and the emulsification features, one has to precisely know the pressure at the step where drops are formed. Our strategy is thus to minimize the pressure drop of the inner phase due to the viscous resistance to flow in order to assume that the pressure at the step is the one at the feeding reservoir, i.e., p i , and to finally correlate this pressure to channel deformation. For allowing the inner phase to invade the microchannel that links the two deep reservoirs, the inner pressure should overcome the Laplace pressure p c given by γ (2/ h + 2/w), where h and w are the microchannel height and width, respectively ( Fig. 1(c) ). For a given inner pressure p i , this condition is obtained by finding the critical outer pressure above which the finger tip does not move anymore, i.e., at the capillary pressure threshold. We remind that the pressures reported here are the controlled ones at the feeding reservoirs. Unfortunately, the pressure drop and thus the pressure at the microchannel end are not known a priori since the hydraulic resistance of the microsystem is modified by the presence of the emulsion droplets, especially at high volume fractions. Therefore, the pressure difference p i − p o is not constant. When the pressure difference at the step is just above the capillary pressure threshold, the emulsification process is characterized by long periods of drop formation T, around 0. represents the smallest drop size that can be created from this step emulsification process at a given channel height that is linked to the pressure at the step which is here assumed to be equal to p i for this pressure setting. For a fixed p o value, the drop size then increases for higher p i and thus larger q i as discussed later on in Sec. III C. As previously reported, 39, 40 there exists a linear dependence between the drop size and the microchannel height, i.e., The fact that τ n is also proportional to p i and thus to h surprisingly makes τ n independent of p i for a fixed p 0 , as reported in Fig. 2(a) , and not slightly decreasing as previously observed. 20 . In the following, we then discuss about the effect of the formulation (η i , η o , γ ) on the emulsification process features (τ n , d 0 ) by considering their values extrapolated at p i = p c = [0.12−0.24] 10 5 Pa, i.e., with negligible wall deformation and thus for a similar channel height.
B. Necking time
The evolution of the necking time as a function of either the outer phase viscosity η o , obtained for mineral oil and FC-70 oil in various PEG solutions, or the inner phase viscosity η i , obtained with three different fluorocarbon oils in water, is reported in Fig. 4(a) . As expected, the characteristic time scale of the liquid finger breakup increases with the viscosity that sets the rate of dissipation during the pinch-off. This rise is found to be linearly dependent on the viscosity. The slowing down of the breakup dynamics is here principally ruled by the outer phase viscosity since the slope between τ n and η o is one order of magnitude larger than with η i . This is a similar feature to the confined motion of bubbles 41 or drops 42, 43 in tubes where dissipation in the lubrication film sets bubble or drop velocity. Moreover, since it is a capillary driven phenomenon, we note a two-fold reduction of the necking time between mineral oil and FC-70 oil that posses a rather close viscosity but the interfacial tension between water and fluorocarbon oil is almost two times larger than between water and mineral oil. We therefore propose the following semi-empirical evolution for τ n :
where the constant a has the dimension of a length and α is a dimensionless constant. The necking time is plotted in Fig. 4 m and α = 7 × 10 −2 . The length a should contain the dependence of the characteristic timescale of the liquid finger breakup on the channel geometry, i.e., h and w, but this dependence remains to be elucidated.
In addition, the drop size d 0 (0) extrapolated to minimal pressure condition and thus to negligible wall deformation is reported in the inset plot of Fig. 4(b) as a function of the viscosity ratio. The minimal drop size is found to be rather independent of the formulation for η i /η o > 1, as previously reported, 44 and around 8 μm. We now wonder how the drop size vary with the flow conditions.
C. Drop size
As seen in Fig. 2(b) and previously reported, 19, 20 when the pressure p i is raised the drop size slightly increases prior to the transition to another fragmentation regime that leads to much larger drops. The drop inflation from its minimal volume V 0 is attributed to the volume injected during the liquid finger breakup, i.e., during τ n . The drop volume V d is thus
where q i is the average flow rate of the dispersed phase during drop formation at the step. We remind that here the pressure difference is imposed and the flow rate q i is thus a function of time since the finger tip curvature is not constant with time. This flow rate is proportional to the overall average flow rate deduced from the drop volume V d and period T, i.e., q i = βV d /T . The drop size d is finally given by
For the experiments reported in Fig. 2(b) , the drop size increases by almost 20% when τ n /T goes up to 0.5. This inflation is in accordance with Eq. (3) when β = 0.8. Unfortunately, the drop size augmentation is also affected by PDMS wall deformation when pressure is raised as shown in Fig. 3 . Using stiffer materials should allow to cancel out this artifact while keeping the inflation process as it has been observed in silicon and glass devices 45, 46 or from numerical simulations.
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D. Transition between two emulsification regimes
As previously reported, 20 there exists a transition of emulsification regime when the flow rate of the dispersed phase is raised and for which drop size suddenly increases. In the present experiments, this transition occurs at a critical pressure of the dispersed phase (Fig. 2) . The value of this critical inner pressure is obviously a function of the outer phase pressure since it sets the local flow rate in the microchannel. We notice that, for a given formulation, the ratio between the necking time τ n and the period of drop formation T* at the transition is independent of the pressure conditions. On the other hand, this critical timescale ratio is found to be a function of the viscosity ratio and independent of interfacial tension. As shown in Fig. 5 , the relationship between the two ratios is well represented by a power law
This relationship should be considered as an asymptotic limit for η i /η 0 > 1 since τ n cannot be larger than T * . The transition has been described in term of a critical capillary number C * a built from the dispersed phase properties, i.e., C * a = u i η i /γ . By using Eqs. (1) and (4), the critical capillary number C * a at the transition, for λ = η i /η 0 > 1, is given by
We remind that the length scale a should reflect the dependence of the necking time on microchannel height and width. We cannot directly compare Eq. (5) to our present data since the channel height, and therefore the inner phase velocity, is a priori unknown because of elastic deformation. According to Eq. (5), for given microchannel geometry and viscosity ratio, the transition between the two regimes of emulsification occurs at a constant capillary number C * a . This is in agreement with the original observations of Sugiura and co-workers. 20 In addition, C * a is a non-monotonous function of the viscosity ratio that initially increases twofold when λ is raised from 1 to 30, where β is taken here to be equal to 0.8 as previously estimated (Sec. III C), and then slightly decreases by almost 50% when λ is further raised from 30 to 1000. Of course, working with microsystems made from stiff materials would allow to precisely estimate β and thus the evolution of C * a with λ. However, this trend is consistent with previous observations made by Priest and co-workers 21 where, for a given liquid finger width, the critical capillary number is larger for a higher inner phase viscosity for which λ = 9.
IV. DYNAMICS OF A COLLECTION OF DROPLET GENERATORS
When an ensemble of microchannels are connected to a large and deep channel, where the continuous phase is flowing in a transverse direction, a droplet boundary layer develops along the droplet generators (Fig. 6(a) ). As reported in Fig. 6(b) , the thickness of this droplet boundary layer at a given location can be tuned by varying the outer pressure p o for a fixed p i . Here, the maximum p o corresponds to the largest pressure above which the first microchannel of the array does not produce droplets anymore. We wonder if the features of the step-emulsification process is influenced or not by the cross-flow of such an emulsion.
A. Droplet production rate
The drop size is measured with a high precision at the first microchannel of a production line but this accuracy is altered along an array of microchannels because of close neighboring droplets. Therefore, only the drop size distributions, measured off chip, are discussed here. Alternatively, the frequency of drop formation f, linked to the drop size via the inner flow rate by mass conservation, i.e., q i = π d 3 f/6, can be correctly measured for all the drop makers. Here, only the small drop formation regime is discussed. The evolution of f, measured for a fixed inner pressure and two outer pressures, is reported in Fig. 7(a) as a function of the microchannel number that reflects its position along the production line. For the lowest outer pressure, i.e., for p o = 10 5 Pa, we note that f oscillates around a constant value close to 270 Hz. On the other hand, for a higher p o that leads to a thinner droplet layer, the frequency slightly increases while oscillating in phase with the other pressure condition. The synchronized modulations are a signature of microchannel height inhomogeneities and thus of a hydraulic resistance variability.
The influence of the outer pressure, and thus of the droplet boundary layer thickness, on the frequency of drop formation is reported in Fig. 7(b) at three locations along the one-dimensional membrane. The frequency at the first drop maker is obviously linearly decreasing when p o is raised since the inner flow rate q i is proportional to the pressure difference between the two phases and p i is kept fixed. Then, the slope is lowered for a microchannel located at the middle of the production line. This is consistence with a pressure drop along the deep cross channel that, for a constant inner pressure, leads to an enhancement of the local flow rate q i and thus f since the drop size d is moderately altered (Fig. 2(b) ). Finally, the last drop maker produces droplets at a frequency that slightly increases with p o . This counterintuitive phenomenon is a signature of an extra hydraulic resistance added by the compact emulsion. Indeed, far from the transition to a large drop regime, the period of drop formation is mainly linked to the time needed for the liquid finger to travel from its minimum location x m to the step x s (Fig. 1(f) ) and therefore to the flow of the continuous phase in the microchannel and through the compact emulsion that can be seen as a porous medium.
This phenomenon directly impacts on the features of the final emulsion. Because there is a correlation between drop size and period of drop formation (Eq. (3)), working in a dilute regime, that corresponds to high p o and where the frequency of drop formation varies along the production line, results in the larger size polydispersity. Indeed, the coefficient of variation of the frequency, defined as the ratio between the standard deviation and the mean value, is 17 % at p i = 1.9 × 10 5 Pa and drops down to 9% at p i = 10 5 Pa and the corresponding size polydispersity is then 8.2% and 6.5%, respectively. The best polydispersity of such a membrane is one order of magnitude larger than a single microchannel and it is thus correlated to size heterogeneities among the vast number of microchannels. We stress here that the performance of the present microsystem made from soft lithography techniques is not so far from the one achieved in silicon and glass devices. 20 As previously discussed, the maximum flow rate of the dispersed phase prior to the transition of fragmentation regime, from small to large droplet size, decreases when the inner viscosity increases or the interfacial tension is reduced. This impacts on the maximum production rate of fine and calibrated droplets with such a parallelization of drop formation. For example, the maximum production rate of FC-70 drops in water is 0.3 ml of droplets in 1 h that corresponds to the production of almost 10 9 droplets having a diameter of 9 μm in 1 h. For FC-3283 oil, a less viscous oil with the same interfacial tension, the maximum production rate is limited by the mechanical stability of the PDMS device and is equal to 4 ml of droplets per hour, i.e., about 10 11 droplets in 1 h. In addition, because of microchannel height inhomogeneities, the transition is not observed at the same pressure conditions for all the droplet generators. This non-synchronization thus leads to size polydispersity of the final emulsion.
B. Droplet collision
Let us now investigate if the collision between flowing droplets and forming droplets may alter or not the emulsification dynamics. As previously mentioned, for an isolated droplet generator at a given pressure condition, the necking time is stable whatever the emulsification regime. On the other hand, while τ n is also stable in a small drop formation regime for a downstream microchannel, the necking time start to fluctuate in the large drop formation regime and thus drop size polydispersity increases. As demonstrated in Fig. 8 , where time sequences of the collision between flowing droplets and a growing one are reported, the droplets produced upstream are responsible of these fluctuations. Three different cases are identified. First, there is a critical size of the growing droplet below which the inflation process is not influenced by the other droplets ( Fig. 8(a) ). Then, two scenarios of collision-induced breakup are possible. If the upstream droplet is flowing against the wall where the microchannels emerge onto, a head-on collision is observed. This type of collision is efficient for triggering the fragmentation of the liquid finger and may lead to the formation of rather small drops ( Fig. 8(b) ). On the other hand, if there is an offset between the flowing drop and the growing one, a glancing collision occurs. In that case, breakup is observed only for larger inflating drops where the bridge that links the liquid finger to the emerging drop is stretched when the flowing drop is moving away (Fig. 8(c) ). This is reminiscent to the collision of two drops in a shear flow 47 that may lead to coalescence. 48, 49 The complete description of such a collision-induced breakup is beyond the scope of the present work. Further investigations are needed to evaluate the effect of the flowing drop size, velocity, and its distance to the wall, as well as the presence of other drops, on this phenomenon.
Finally, as shown in Fig. 9 , we notice an avalanche event when all the droplet generators are working in a large drop regime. Indeed, the formation of the first drop triggers the detachment of the second one upon collision and so forth. This cascade maintains a phase between two neighboring drop makers that lead to the formation of a rather well monodisperse emulsion.
V. CONCLUSION AND PERSPECTIVES
The dynamics of step emulsification from a single to an array of drop generators has been investigated by using a microsystem realized by soft lithography technique. A scaling relationship between the intrinsic timescale of drop formation, namely, the necking time, and the fluid properties has been established, i.e., τ n ∼ (1 + αη i /η o )η o /γ . Here, only one geometry of the microchannels has been considered. The microchannel height h sets the order of magnitude of the droplet diameter that is roughly four times h. The final drop size is modified by the dispersed phase flow rate through an inflation process where the necking time plays a major role. Unfortunately, because part of the microsystem is made with an elastomer, the microchannel walls are deformed under pressure and thus the channel height is not known a priori. A natural follow up is to perform experiments by using stiffer materials like glass or polymers such as thiolene based resins. 50, 51 The step emulsification process is known 20 to experience a transition between the formation of small drops to much larger drops. We show that this transition occurs at a critical ratio between the necking time and the period of drop formation that scales with the viscosity ratio λ of the two phases like λ −0.2 for λ > 1. This scaling leads to a correction of the critical capillary number, based on the dispersed phase properties, in agreement with previous observations. 20, 21 We stress that a theoretical description of this peculiar transition of fragmentation regime is still lacking. We then studied the emulsification process of an array of microchannels with a cross flow of the continuous phase, a situation relevant for making large amounts of emulsion droplets for further applications. When all the drop generators are working in a small drop regime, a droplet boundary layer develops against the array of microchannel. This compact emulsion is shown to lead to an homogenization of the droplet production rate of the drop makers thanks to an extra hydraulic resistance imposed by the dense stack of droplets. This phenomenon ultimately narrow the drop size distribution of the final emulsion. While the emulsification dynamics in the small drop formation regime is not influenced by the flow of the upstream formed droplets, collision-induced breakup has been observed in the large drop formation regime. This event finally led to polydisperse emulsions. Further investigations are needed to evaluate the effect of the flowing drop size, velocity, and its distance to the wall, as well as the presence of other drops, on this phenomenon. Microfluidics offers an unique tool for exploring emulsions properties 52 as well as their formation mechanisms. Indeed, such a configuration, where the drop generators are set on a plan, offers a complementary approach to microfabricated membranes in silicon [53] [54] [55] [56] for investigating the membrane emulsification process for which the step-emulsification phenomenon does not occur, i.e., for h/w < 3, and where shear and droplet-droplet interaction play a crucial role.
